Abstract
XYalign is implemented in Python and uses a number of third-party Python 123 packages including Matplotlib (Hunter, 2007) , NumPy (Oliphant, 2006) Mb and ending near 6.6 Mb, corresponding with known coordinates of the XTR on the Y 363 chromosome (Figure 3 ). In fact, the combination of mapping quality and depth 364 recapitulates well-known major genomic features of both sex chromosomes (e.g., 365
ampliconic regions, PARs, and XTRs) described in previous studies (Figures 1-3 Mueller et al., 2013) . This suggests that, in at least some cases, the output of 367
XYalign can be used to quickly explore broad patterns of genomic architecture as well as 368 mask regions likely to introduce technical difficulties in genomic analyses. reference genome, we observed clear improvements in read mapping (Figures 1-2) . On 397 the X chromosome, all metrics exhibited striking improvements in PAR1, PAR2, and 398 XTR (Figures 1-2) . Further, the Y chromosome of the XX individual no longer exhibited 399 any variant calls or mapped reads, though many passed filters before processing (variants 400 before: 4266; variants after: 0; mapped reads before: 5,729,007; reads mapped after: 0).
401
While this is expected given the hard masking of the Y chromosome, it is worth 402 emphasizing that this matches the biological state of the individual.
403
We found that these improvements in mapping on the X chromosome after 404 masking the Y chromosome substantially impacted downstream variant calling (Table 1) . 405 Unsurprisingly, the effect was most pronounced in the PARs, in which thousands of 406 variants were callable after masking the identical sequences present on the Y 407 chromosome in the reference assembly. The XTR also had a large number of variants 408 become callable after Y masking-an average of 85.4 variants per megabase of sequence 409 (Table 1) . However, effects were not limited to these regions of well-documented 410 homology: both the X-added region (XAR) and X-conserved region (XCR) contained 411 hundreds of affected variants, suggesting effects of more extensive homology across the 412 sex chromosomes. 413 414 Inferring Genetic Sex 437
In our analyses, the most striking measure for assessing and individual's sex 438 chromosome complement was the distribution of read balances across a chromosome 439 (Figure 4) . Specifically, when we plotted the distribution of the fraction of reads 440 containing a nonreference allele at a given variant site, we observed that diploid 441 chromosomes (e.g., autosomes, and chromosome X in XX individuals) exhibited peaks 442 both around 0.5 and 1.0, consistent with the presence of heterozygous sites and sites 443 homozygous for a nonreference allele, respectively (Figure 4 ). In the case of the X 444 chromosome in XY individuals, we observed a single peak near 1.0, consistent with an 445 expected haploid state (i.e., no heterozygous sites; Figure 4 ). We observed one exception 446 to this pattern: the Y chromosome exhibited a peak around 0.2 in addition to the one near 447 1.0 ( Figure 4 ). All variants included in analyses met thresholds for depth, site quality, and 448 genotype quality, so quality does not appear to be a driving factor of this pattern. This 449 pattern also remained after genomic windows of low mapping quality and irregular depth 450 were removed. We are currently unable to explain these results and more work is thus 451 required to understand the factors responsible for this pattern.
452
Across datasets, we observed variation in relative depth of the X and Y 453 chromosomes in XX and XY individuals, particularly among different sequencing 454 strategies: exome, low-coverage whole-genome, and high-coverage whole-genome 455 sequencing ( Figure 5A ). However, within datasets, XX and XY individuals were clearly 456 differentiated ( Figure 5 ; Supplemental Figure S1 ). This pattern suggests that a general 457 threshold for assigning different genetic sexes across a range of organisms and 458 sequencing experiments might be difficult to implement. That being said, within species, 459 some combination of depth, mapping quality, and read balance is likely to be informative.
460
For example, in humans, relative mapping quality appears to be informative in some 461 sequencing strategies, particularly exome sequencing ( Figure 5B ). This should be 462 explored in each experiment, however, as we did not observe this differentiation in the 463 uncorrected 1000 Genomes high-coverage samples (Supplemental Figure S2 ).
464
Generating these results for all individuals in a study is easy to do We showed that the complex evolutionary history of the sex chromosomes creates 551 mapping biases in next-generation sequencing data that have downstream effects on 552 variant calling and other analyses. These technical artifacts are likely present in most 553 genomic datasets of species with chromosomal sex determination. However, many of 554 these biases can be corrected through the strategic use of masks during read mapping and 555 the filtering of variants. We developed XYalign, a tool that aids in the characterization of 556
